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INTRODUCTION

The objective of our research is to develop more effective therapeutics for the treatment
of prostate cancers. One novel bifunctional compound (11pB; Figure 1) that we have
compound contains a chemically reactive nitrogen mustard linked to a steroid moiety that
binds with high prepared rapidly induces apoptosis in several prostate cancer cell lines in
vitro. The 11 affinity to the androgen and progesterone receptor proteins. This

compound was designed to create CItH,C), o
DNA adducts that form tight \NO(H2C)3_HJLO‘(Hzc)z‘H—(HZC)G OH
complexes with these steroid CItHO)z

receptors that make the adducts
difficult to repair in prostate cancer
cells. Preliminary studies of 11 ) 0
in cell culture indicated that its Figure 1. Structure of 11p.

effects on prostate cancer cells
were different from those of other alkylating agents used in chemotherapy. The apoptotic
responses of prostate cancer cells suggested that the 11 compound might be a useful
agent for chemotherapy. The Specific Aims of our research are to understand the fate of
11B-DNA adducts in treated cells and investigate the mechanisms that lead to apoptosis.
We also proposed experiments to assess the antitumor potential of 11 in animal models
of human prostate cancer.

BODY

Task 1: Chemical synthesis of monochloro and 17a-methyl analogs of our lead
compound, 114-(17aOH-estradien-4(5),9(10)-3-one)-C6NC2-mustard (11/), and
assessment of their toxicity in prostate cancer cells in vitro.

The work described in Task 1 has been completed as described in the FY 2004 and FY
2005 Progress Reports. In summary, the two compounds that we proposed to synthesize

— the monochloro and 17a-

methyl analogs of 113 — were CltHQ): H j])_ H
prepared (Figure 2). We then /NO(H2C)3_N O~(H2C)2~N=(HC)s
characterized the affinity of Cl(HZC),

these new compounds for the
androgen receptor and their 17a-methyl 113
toxicity toward LNCaP o)
prostate cancer cells. Our

results with the monochloro- itz o}

118 mdlcated that both _ NO(HZC)S—H—lLo-mZC)z-H-<H2c>6
chlorine atoms are required to | w,coH,cj,

induce apoptosis — implying
that activation of apoptosis
by 11 cells is dependent
upon the formation of intra-

or inter-strand crosslinks in Figure 2. Structures of 11p analogs prepared in Task 1.

monochloro 11f3
0




DNA. This result has focused our studies of the fate of 113-DNA adducts and directed
biochemical studies of the repair of 11 adducts toward mechanisms responsible for
crosslink repair.

We speculated that addition of the 17a-methyl group to the 11p molecule would increase
its affinity for the AR and result in greater toxicity towards AR-positive prostate cancer
cells. Contrary to our expectations the presence of the methyl group has no effect on
receptor affinity (both molecules bound to the AR with affinities of approximately 25%
that of dihydrotestosterone) or the biological activities of 11p. Since preparation of the
17-"" methyl 118 compound requires several additional steps we decided not to
investigate it further at this time as the original compound can be made more efficiently
for in vivo studies.

Task 2: Determine the fate of 115-DNA adducts in prostate cancer cells.

The FY2004 and FY2005 Progress Reports describe our unsuccessful attempts to monitor
the kinetics of formation and removal of 113-DNA adducts in cells using electrospray
ionization mass spectrometry (EIMS). The EIMS technique did not provide the level of
sensitivity require for our analyses. Subsequently, we developed an extremely sensitive
method for analysis of 113-DNA adducts based on the technique of Accelerator Mass
Spectrometry (AMS). The AMS technique is up to 7 orders of magnitude more sensitive
than conventional liquid scintillation counting. This level of sensitivity has permitted
detection of as little as a few hundred DNA 11 adducts per cell after treatment with
[**C]11B. Thus, we have been able to quantify DNA adduct levels in both prostate cancer
cells in culture as well as in xenograft tumors in animals after administration of [**C]11p.

Our investigation of 113-DNA adducts first used the EIMS technique to identify the
major 113-DNA adducts formed in LNCaP cells in culture and in tissues of mice treated
with 11B. We found the N7 atom of guanine to be the major site of covalent modification
by 11 reacted with DNA in vitro. We then confirmed that the same adduct was formed
in cells exposed in culture and in tissues of 11p-treated animals. The identification of
DNA adducts formed by the 113 compound in animals is particularly significant since it
confirms that our molecule has sufficient stability in vivo to penetrate tissues and reach its
molecular target intact. A detailed description of these studies is contained in the
appended manuscript (Hillier at al. 2006).

AMS was then employed to study the relationship between DNA modification by 11
and toxicity in cell culture. We treated LNCaP cells in vitro with [**C]11p and examined
the relationships between exposure time, dose and level of DNA adducts. DNA isolated
from treated cells was analyzed by AMS to determine the amount of covalently bound
[**C]-11B. We first established a dose-response relationship for adduct formation by
treating LNCaP cells with 2.5, 5 or 10 uM [**C]-11p-dichloro for 4 hr. The amount of
14C per ug DNA increased in direct proportion with 11p concentration in the growth
media (Figure 3A). Based on specific activity, the level of 113-DNA adducts rose from
0.3 to 1.0 adducts per 10° bases over the dose range of 2.5 to 10 uM 11p.



We also investigated the rate of formation of 113-DNA adducts over a 15 hr period in
LNCaP cells treated with a single dose of 10 uM [*C]-11p-dichloro. Figure 3B shows
that the concentration of 113-DNA adducts in these cells increased at a constant rate
during the 15 hr period. The slope of the line in Figure 5B implies a rate of adduct
formation of 0.25 adducts/10° bases per hr. This rate of adduct formation correlates well
with the observed number of adducts present in LNCaP cells after 4 hr exposure to 10
MM 11B-dichloro (as shown in Figure 3A). These results are also consistent with the
stability of the 11B-dichloro compound in cell culture media since rapid destruction of the
compound by hydrolysis or metabolism would be expected to decrease the rate of 113
adduct formation.

Figure 3C shows the dose-response relationship for growth inhibition of LNCaP cells by
11B-dichloro. The EDsg for growth inhibition calculated from these data is 5.3 pM.
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Figure 3. Formation of 11B-DNA adducts and inhibition of LNCaP cell growth by 11B-dichloro. A.
Relationship between 11B-dichloro concentration in growth media and level of 113-DNA adducts
formed after 4 hr exposure. B. Rate of formation of 11p-DNA adducts in LNCaP cells exposed to
10uM 11B-dichloro. C. Growth inhibition of LNCaP cells by 11B-dichloro. (error bars =+ S.D.)

We next investigated tumor concentrations of the 11§ adducts in an animal xenograft
model. Mice bearing xenograft LNCaP prostate tumors were administered a single dose
of 50 mg/kg [**C]-11B-dichloro (specific activity = 0.5 mCi/mmol). After 4 hrs, samples
of tumor and liver tissues were obtained and DNA was isolated and subjected to **C
AMS analysis. The results of these analyses are presented in Table 1. Based on the
number of amol **C/ug DNA, tumor tissue had approximately 12% of the concentration
of 113-DNA adducts as were found in the liver (Table 1). Since AMS analysis cannot
reveal the identity of the radiolabeled species, it will require further investigation to
confirm that the results of our analyses represent the presence of the 11p-guanine adduct
in tumor tissues. Nonetheless, these data ascertain the ability of 11p-dichloro to react
with one of its intended molecular targets (DNA) in tumor tissue.

We found that the levels of 113-DNA adducts formed in LNCaP xenograft tumors after a
single administration of 11B-dichloro was in the range of the adduct levels associated
with concentrations of that inhibited the growth of LNCaP cells in culture. The EDs, for
growth inhibition of LNCaP cells in culture by 11B-dichloro is 5.2 uM. Approximately




0.25 adducts per million DNA bases were found in LNCaP cells after a 4 hr exposure to
2.5 UM 11B-dichloro in culture. A single dose of 50 mg/kg 11B-dichloro resulted in a
similar level of DNA damage in LNCaP xenografts (average = 0.2 adducts/10° bases).
These results suggest that the adduct levels reached in tumor tissue are within the range
in which toxic effects are observed in cell culture. This is an important finding that
suggests we may be able to correlate biochemical responses to adducts that we observe in
vitro with tumor responses in vivo. The results of these studies are discussed in greater
detail in the appended manuscript (Hillier et al 2006).

Task 3: Determine which apoptotic pathways are activated in prostate cancer cells
responding to 115.

One aim of our experiments was to uncover the reasons for the ability of 11f to overcome
the resistance of LNCaP and other prostate cancer cells to other alkylating drugs. We
began to investigate the pathways and mechanisms that lead to apoptosis by identification
of the initiator and effector caspases that are activated by 11p. Initial experiments found
that the pan-caspase inhibitor ZVD.fmk prevented cleavage of PARP confirming that
caspase activation was, in fact, triggered in LNCaP cells by 11.

As discussed above (Task 1) the results of our structure-activity studies indicated that
intra- or interstrand DNA adducts were required for activation of apoptosis. Based on
these findings we focused on attention on the consequences of 113-DNA adducts on
DNA repair and cell cycle check points which are key to cell survival or cell death. Our
previous investigations (see FY2005 Progress Report) found evidence that 11p treatment
led to activation of the p53 pathway through phosphorylation of ser1l5 on p53. We also
observed Chk-1 and Chk-2 phosphorylation, but only after 16hr when apoptosis was well
underway. During the past year we have examined activation of these checkpoints by
11p in greater detail. Using DLD-1 cells as a model, we found that Chk-1 was efficiently
activated by both chlorambucil
and mitomycin C — both of
which form crosslinks in DNA
that are similar to those formed
by 11B. Neither of these
compounds, however, induced
apoptosis in LNCaP or DLD-1
cells. When DLD-1s were
treated with 11 we did not
observe phosphorylation of Chk- Chk1—>
1 or Chk-2 at up to 8hr of Ser317P

treatment (see Figure 4). _ -
Inhibition of check point proteins | Chk1—> — — - |

.. . 1 1 £
has been shown to sensitize cells : : :

to DNA damage. Therefore, we Figure 4. Western analysis of Chk1 and Chk1-

think _that It Is significant that Ser317P in DLD-1 cells after 8hr treatment with 10
there is a lack of response of UM 11p

these pathways to damage

Untreated

1 l_ Chlorambucil
Mitomycin C
118




produced by 11B. We are continuing these investigations by testing several hypotheses
that could explain these findings including: (1) camouflage of 11 adducts by their
association with the AR or another protein(s) prevents their recognition by DNA repair
proteins and subsequent activation of check point kinases; (2) structural features of the
11 adduct actively prevent formation of DNA repair complexes that are required for
check point activation.

Task 4: Assess the efficacy of 115 in an animal xenograft model of human prostate
cancer.

As described in our FY 2004 Progress Report, the 11 compound is very effective in
preventing the growth of LNCaP cell in mouse xenografts. It is especially encouraging
that the dose of 11 that was effective in preventing tumor growth did not show
significant toxic effects in the animals as evidenced by <10% loss in body weight during
an extended treatment regimen. During the last year we have examined the toxic effects
of 11 in greater detail by analysis of serum enzyme markers for hepatotoxicity and
erythrocyte levels in blood as a measure of bone marrow toxicity.

Increased levels of serum glutamic pyruvic transaminase (SGPT) and serum glutamic
oxaloacetic transaminase (SGOT) were found in animals treated with >50 mg/kg 11p-
dichloro. After a single administration, we observed no changes in either gamma-
glutamyl transferase (GGT) or alkaline phosphatase at doses up to 75 mg/kg 11B-dichloro
(Table 1) while SGPT and SGOT levels were elevated from 35-40 fold at this dose. No
significant changes in the serum markers of liver toxicity were found in mice treated with
10 or 30 mg/kg. Furthermore, normal levels of all four serum enzymes were found in
animals that had received repeated doses during 7 courses of 5 daily doses of 30 mg/kg
(Table 1).

Table 1. Serum enzyme levels in mice after single or repeated administration of 11[3-
dichloro.

Single Dose (mg/kg) Repeated Dosing

(mg/kg)
10 30 50 75 Vehicle 30 Vehicle
1220 +
SGPT 50+ 24 47 +£19 | 509 + 205* 960* 41 +£5 36 +10 48 +10

SGOT | 201 +153 | 105+35 | 594 +181* | 678 +£540* | 99+ 49 112 + 46 119+ 33

GGT <3+17 0x0 <3+17 <3+17 <3x17| 1805 1+1
Alk
Phos 72+13 77+10 59+ 14 69 + 12 90+ 12 58 + 18 605

NOTE: Enzyme levels were analyzed in whole blood collected by cardiac puncture 24 hr after single doses
or from animals after completion of a 7-week protocol during which they received 5 consecutive
daily doses per week. (average + S.D. (n=3), * P <0.05; Student’s t test).




Analysis of blood reticulocyte levels found that in mice treated for an extended period of
time with the 30 mg/kg dose the average level of reticulocytes in treated mice (6.9 x
106/mm3; SD 2.3) was not statistically different from vehicle-treated mice (7.5 x
10%/mm?; SD 1.3). Taken together these data demonstrate that 11p-dichloro has
acceptable toxicity at the level shown to effectively inhibit tumor growth. These results
are reported and discussed in greater detail in the appended manuscript (Hillier et al.

2006).

Our 2005 Progress report described the results of pharmacokinetic studies of 11 in mice
when administered in a vehicle containing Cremophore EL, a polyoxyethylated castor oil.

One reason for this
was that Cremophor
EL in our current
vehicle poses
potential problems
of clinically
significant side
effects including
acute
hypersensitivity
reactions and
peripheral
neurotoxicity.
Another reason is
that we believe that
a more optimal
pharmacokinetic
profile for 11 can
be obtained by
formulating the
compound in a
manner that slows
its uptake by the
liver. Our findings
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Figure 5. Distribution of [**C]-11p-dichloro in blood and selected tissues.
NIH Swiss Webster mice were administered 45 mg/kg [**C]-11p-dichloro
(specific activity 1.91 mCi/mmol) via i.p. injection and sacrificed at the

indicated time points. Tissues were solubilized and radioactivity measured
by scintillation counting. (n = 3; error bars = + S.D.) m Blood; V Liver; A
Lung; ¢ Kidney; e Intestine; o Feces. The inset shows the concentration

of 11B-dichloro in blood.

shown in Figure 5 indicate that the compound is rapidly absorbed into the blood
following i.p. injection and is subsequently eliminated from the circulation by the liver
with excretion primarily via the feces. The blood half-life of 11 was estimated to be 1.5
hrs. We have sought to extend this half-life to increase the bioavailability of the
compound to the tumor tissue. We speculated that greater bioavailability would allow us
to decrease the total dose necessary for antitumor activity and reduce side effects.

Reformulation studies revealed that 11B’s physio-chemical properties were compatible
with incorporation into long-circulating PEG-coated liposomes. In preliminary studies
we found that the 11 compound was exceptionally stabile when it was incorporated into
the hydrophobic core of PEG-coated liposomes. Greater than 90% of the compound




remained intact
when 11B-liposomes
were suspended in
saline at 37°C for 24
hr. vs a half-life of
2-3 hr when the
compound was
dissolved in saline
and held under the
same conditions.

The liposome-based 0 . ' ;i.,

formulations of 0 2 4 6 8 15 20 25
other hydrophobic Time (hr)

anticancer drugs
such as doxorubicin Figure 6. Distribution of PEG-liposome formulation of [**C]-11p-dichloro
and paclitaxel are in blood and selected tissues. NIH Swiss Webster mice were administered
reported to be [*“C]-11p-dichloro (specific activity 1.91 mCi/mmol) via i.v. injection and
effective and have sacrificed at the indicated time points. Tissues were solubilized and

fewer adverse side radioactivity n_1easured by scintillgtion counting. _(n =3;error bars =+ S.D.)
effects formulations m Blood; V Liver; A Lung; ¢ Kidney; e Intestine; o Feces.
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in which these drugs
are administered in Cremophor EL or other vehicles. Our initial studies with liposomal-
118 showed prolonged circulation in the blood over a 10hr period (c.f. FY2005 Progress
Report). We continued these investigations with a more through analysis of the tissue
distribution of 11p after administration of a PEG-liposome formulation of [**C]11 via
i.p. injection. Figure 6 shows the distribution of [**C] 11p in tissues obtained from mice
up to 24hr after administration of the PEG-liposome formulation. These results differ
markedly from those of our original study. As shown in Figure 6, there was rapid
elimination of the compound from the circulation and excretion in to the gut. In contrast
to our initial study we did not see prolonged circulation of the liposomal 11 in the blood.
We think that technical problems in preparing the liposome formulation used in our tissue
distribution study may account for the differing results between the two experiments.
These experiments were performed in collaboration with the Sasishakran lab here at MIT.
We shall continue to investigate the possibility of formulating 11 into long-circulating
PEG-coated liposomes.

We are working with the NCI’s RAID program to develop a clinically acceptable
formulation for 11 using a more traditional approach with other vehicles.

Another objective of our in vivo studies was to investigate whether the biochemical
changes that we observed in cell in culture treated with 11 were responsible for its
antitumor activity in xenografts. LNCaP cells in culture treated with 10 uM of 11
rapidly undergo apoptosis (Marquis et al. 2005). Caspase activation is a readily

observable maker of apoptosis in tissues. We used immunohistochemistry (IHC) to
assess caspase-3 activation in xenograft tumors of animals after treatment with 11p.

10



Tumor-bearing animals were administered two courses of 5 daily treatments with 113 (30
mg/kg) separated by 2 days of recovery. Parallel groups of tumor-bearing animals was
treated with chlorambucil (12 mg/kg) or vehicle using the same regimen. Tumors were
excised on day 10, fixed and processed for IHC.

Paraffin embedded - SR
tissue sections were .‘:AJt 158 s T Ty -B’.’- e s O
stained using an b QA7 R YR &g ® # 8o Sy
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cleaved caspase-3 QR SLEASSCR ! W g 15,87 L TS
(Cell Signaling o' 3N AECr 8% ¥ a0 9 e L.
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Examination of the ! AL L KSR AL S Tl TR W,
stained tissue . . - .

. Figure 7. Activated caspase-3 positive cells in xenograft tumors from
sections revealed a b X ;
much greater mice treated with 11p (panel A) or chlorambucil (panel B).

frequency of
activated caspase-3 positive cells in 11B-treated tumors compared with those obtained
from animals treated with chlorambucil (see Figure 7).

In summary, our in vivo studies have established the efficacy of 11 in inhibiting the
growth of prostate cancer cells in an animal xenograft model. We have also established
that effective levels of 11p that inhibit tumor growth do not result in unacceptable
toxicities in the animals. Finally we have important evidence suggesting that
biochemical endpoints such as caspase-3 activation and other markers of apoptosis that
we can measure in 11B-treated cells in culture are relevant to antitumor responses. These
makers of tumor response should assist us in optimization of treatment regimens.

11



KEY RESEARCH ACCOMPLISHMENTS

° Evaluation of toxicity of the monochloro-11p and 17a-methyl-113 compounds.
The absence of apoptotic responses in LNCaP cells treated with monochloro-11f3
indicated bis-DNA adducts are required for apoptosis.

° Optimization of a sensitive method for the kinetic analysis of DNA adducts
formed in cells treated in vitro with [**C]-11p and application of the method to the
identification and quantification 11B-DNA adducts in xenograft tumors. These
results have led to experiments that will define the dose relationship between
cytotoxic responses in vitro and therapeutic responses in animal models. We
found that the level of DNA adduct formed by a single dose in tumor tissue in
vivo was within range in which cytotoxic responses were seen in vitro.

e Discovery that Chk-1 and Chk-2 responses are absent in LNCaP cells by 113-
dichloro while they are activated by other DNA crosslinking agents such as
chlorambucil. These results have point to the unique character of DNA lesions
formed by 11p and have led to investigations to identify the molecular basis of the
apoptotic responses of LNCaP cells to 11p-dichloro.

° Definition of the pharmacokinetics of 11 in mice and preliminary formulation of
11 into liposomes. Initial experiments have shown promise that the liposomal
form of 11 has increased stability and prolonged circulation in blood. This result
has prompted investigation of the pharmacokinetics and efficacy of liposomal 11
as an antitumor agent in mice.

e Evidence of the activation of apoptosis in xenograft tumor tissue in animals
treated with 11f. This results suggests that our findings in cell culture that 11 is
able to induce apoptosis in prostate cancer cells while traditional alkylating drugs
do not have relevance to the antitumor responses we have observed in animal

models.

REPORTABLE OUTCOMES

Manuscripts

Shawn M. Hillier, John C. Marquis, Beatriz Zayas, John S.Wishnok, Rosa G. Liberman,
Paul L. Skipper, Steven R. Tannenbaum, John M. Essigmann & Robert G. Croy, “DNA
Adducts Formed by a Novel Antitumor Agent 11B-dichloro in vitro and in vivo”.
Accepted 2/06 for publication in Molecular Cancer Therapeutics.

Publications

John C. Marquis, Shawn M. Hillier, A. Nicole Dinaut, Denise Andrade, Kaushik Mitra,

12



John M. Essigmann and Robert G. Croy. 2005 Disruption of Gene Expression and
Induction of Apoptosis in Prostate Cancer Cells by a Bis-alkylating DNA Damaging
Agent Tethered to an Androgen Receptor Ligand. Chemistry & Biology 12; 779-787.
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of the research.
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pharmacokinetic and antitumor studies of 118 in animals.

Dr. Kaushik Mitra finished his postodoctoral work in 2005 and is working in drug
synthesis at Merck and Co. He was part of the synthetic chemistry team.

Ms. Sreeja Gopal, a graduate student has been supported with funds from this grant. She
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checkpoint proteins and responses of DNA repair pathways to 113-DNA adducts.
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The research accomplishments from this grant formed the basis of a proposal for
continued funding through the DAMD PRCP. The application was successful.

CONCLUSIONS

The Specific Aims of our PCRP Idea Development Award focused on the synthesis of
DNA damaging warheads tethered to ligands for the androgen receptor, which is over
expressed in most prostate cancers. Out of that work we developed a compound, 11,
which has become the focus of most of our work over the past two years. As originally
proposed, our efforts have focused on understanding the mechanism of action of this
novel bifunctional compound. We found that it rapidly induces apoptosis in several
prostate cancer cell lines. The compound was designed to create DNA adducts that form
tight complexes with steroid receptor proteins resulting in the concealment of damaged
sites from repair as well as antagonism the transcriptional activity of the receptor. We
have studied the fate of 113-DNA adducts in treated cells and investigated the
mechanisms leading to apoptosis. We also have done the proposed experiments to assess
the antitumor potential of 11 in animal models of human prostate cancer.

A key research objective was to identify the features of the active 11 compound
responsible for its ability to induce apoptosis in resistant prostate cancer cell lines. We

13



initially focused our investigations on structure-activity relationships of the reactive N,N-
bis-(2-chloroethyl)-aniline. Because it has two 2-chloroethyl groups 11 can form
monoadducts, intra- and inter-strand crosslinks. Substitution of one or both chlorine
atoms by methoxyl groups produced 11 analogs that were either unreactive (i.e., both
chlorines replaced) or had a single reactive 2-chloroethyl group (i.e. one chlorine
replaced) that could only form monoadducts. Investigation of the cytotoxic effects of
these analogs revealed that the apoptotic response depends absolutely on the presence of
both of the 2-chloroethyl groups in 11p — implying that apoptosis requires the formation
of intra- or inter-strand crosslinks. It is clear, however, that features other than the N,N-
bis-(2-chloroethyl)-aniline moiety in 11 are essential, because chlorambucil and
melphalan, both of which have bifunctional aniline mustards, fail to induce apoptosis in
LNCaP cells. Our studies led to the conclusion that the ability to form bifunctional
adducts that interact with a steroid receptor is key to the ability to induce apoptosis.

The formation and fate of 113-DNA adducts in prostate cancer cells was another focus of
our investigations. To investigate the formation and fate of 118 DNA adducts in both
cell in culture and animal models we developed a highly sensitive method for their
analysis that is based on the technique of Accelerator Mass Spectrometry (AMS). A
radiolabeled 11 analog was prepared by modification of its chemical synthesis to allow
incorporation of one **C atom into the linker connecting the steroid and aniline mustard
moieties. The sensitivity of the AMS technique — which is up to 7 orders of magnitude
greater than conventional liquid scintillation counting — has permitted detection of as
little as a few hundred DNA adducts in [**C]11p-treated cells. In our initial studies with
LNCaP cells in vitro we have examined the relationships between both 11 concentration
and exposure time with the level of DNA adducts. The results of these studies will
permit us to: (1) examine the rate of repair of DNA adducts in receptor-positive and —
negative cells to test the hypothesis that DNA adducts concealed by the androgen
receptor are less well repaired; and (2) define the quantitative relationship between
adduct level and cytotoxic effects to facilitate optimization of dosing protocols in animal
studies.

Another objective of our work has been to understand the mechanism(s) by which the
11p compound is able to induce apoptosis in cells that are usually apoptosis-resistant.
The pan-caspase inhibitor ZVVD.fmk was shown to inhibit cleavage of PARP confirming
that caspase activation was, in fact, triggered in LNCaP cells by 11p. We next decided to
map the changes in the apoptotic pathways that are downstream of the events resulting
from DNA damage. The goal was to investigate the immediate consequences of 11p-
DNA adducts on DNA repair and cell cycle checkpoints — at the beginning of the
apoptotic pathways. We examined the activation of checkpoint proteins and found
evidence that DNA damage cause by 11f does not trigger the activation of cell
checkpoints. These results are consistent with inhibited DNA repair. We do not know,
however, whether this is a result of concealment of adducts by the AR or direct inhibition
of signaling pathways required for checkpoint activation. We are investigating these
possibilities in additional mechanistic studies.
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Our last area of progress has been demonstration of the potent antitumor activity of 113
in xenograft animal models. We have shown that at tolerable doses the 11 is a very
effective inhibitor of the growth of LNCaP xenograft tumors in mice. We also conducted
a pharmacokinetic study of 11f in mice and have begun to experiments to improve the
compound’s bioavailability through new formulations. Finally we have begun to connect
the unique biochemical changes that we have observed in 11b-treated cells in culture with
antitumor responses in animal models. We anticipate that continued pursuit of
biochemical mechanisms responsible for the cytotoxic effects of 11 will allow us to
optimize its therapeutic effects.

Prostate tumors are typically refractory to apoptosis induced by DNA damaging agents.
By tethering a DNA damaging warhead to a ligand for the androgen receptor, we have
designed a molecule that forms DNA adducts that interact with the androgen receptor.
These lesions efficiently kill prostate cancer cells in culture by apoptosis, and inhibit
tumor growth in vivo. These molecules afford a new approach to the treatment of
clinically advanced forms of prostate cancer.
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Summary

The goal of our work was the design of DNA-damag-
ing agents that disrupt both DNA repair and signaling
pathways in prostate tumor cells. A DNA alkylator
(N,N-bis-2-chloroethyl aniline) was linked to a steroid
ligand (17B-hyroxy-estra-A4®-°(10.3.0ne) to produce a
complex molecule (11p-dichloro) that forms DNA ad-
ducts that bind the androgen receptor (AR). We spec-
ulated that DNA adducts in an AR-DNA adduct com-
plex would be camouflaged from DNA repair proteins
that would otherwise remove the adducts in prostate
cancer cells. Furthermore, transcription dependent
on the AR would be antagonized by AR redistribution
to sites distant from AR-driven promoters. The anti-
cancer potential of 11p3-dichloro was demonstrated
against prostate cancer cells in vitro and in vivo. 11§3-
dichloro induces a unique pattern of gene disruption,
induces apoptosis in apoptosis-resistant cells, and
shows promising anticancer activity in animals.

Introduction

Cytotoxic agents that act by covalent modification of
DNA were the first modern anticancer chemotherapeu-
tics and remain major components of combination che-
motherapy regimens [1, 2]. In combination with drugs
that act by other mechanisms, alkylating antitumor drugs
have produced impressive and even curative responses
in the treatment of some cancers (e.g., cisplatin in tes-
ticular cancer) [3]. Frequently, however, tumors are
found to have inherent resistance to these compounds
or to develop resistance during the course of treatment.
The rapid evolution of resistance makes it imperative
to develop new agents that can defeat the molecular
barriers responsible for clinical failure.

The strategy of combining several agents that can
increase the vulnerability of certain cancers to alkylat-
ing drugs is one approach to overcoming resistance.
Sometimes, however, drug-drug interactions or over-
lapping side-effect profiles make multidrug regimens
problematic.

Another strategy is the design of alkylating compounds
with novel mechanisms that disrupt multiple biochemi-
cal pathways responsible for tumor growth and sur-
vival. We report the design, synthesis, and biological
activities of a multifunctional compound based on an
original concept that sought to incorporate several

*Correspondence: jessig@mit.edu (J.M.E.); rgcroy@mit.edu (R.G.C.)

mechanisms of action into a single anticancer agent.
Our idea was to produce a compound that could form
covalent DNA adducts that have high affinity for a pro-
tein essential for the growth and survival of tumor cells.
Protein-adduct complexes formed in these cells would
not only camouflage the DNA adduct, making it difficult
to repair, but also prevent the protein from performing
its role in cell growth and/or survival. Figure 1A il-
lustrates these mechanisms showing alternative fates
of DNA adducts formed by the reactive “warhead” por-
tion. On the left, exposed DNA adducts that are not
bound to proteins through the protein recognition (or
“ligand”) domain can be detected and efficiently ex-
cised by repair enzymes, limiting potential genotoxic
effects. On the right, however, the “ligand domain”
(e.g., a steroid) forms a complex with its cognate pro-
tein in target cells, camouflaging adducts and interfer-
ing with both the repair process and the normal biologi-
cal function of the protein bound to the adduct. Cells
that express proteins that bind to the ligand domain will
be more vulnerable to the toxic effects of the syn-
thetic toxins.

The concept that one could use a custom-designed
DNA-damaging agent to hijack a nuclear transcription
factor required for cancer-cell growth was introduced
by the design and synthesis of compounds that pro-
duce DNA adducts to which the estrogen receptor (ER)
binds with high affinity [4-6]. Breast cancer cells that
express high levels of the ER show greater sensitivity
toward these compounds. The current paper describes
the design, chemical synthesis, and biological activities
of compounds that have been designed to form DNA
adducts that bind to the androgen receptor (AR), a tran-
scription factor expressed at high levels in many pros-
tate cancers [7]. AR expression is found in primary
prostate cancer and is frequently observed in both hor-
mone-sensitive and hormone-refractory forms of the
disease [8]. There is currently no effective long-term
treatment for the advanced hormone-refractory stage
of the disease. Mutations in the AR, along with aberrant
expression of coactivator proteins, can allow transcrip-
tional activation in response to antiandrogens and en-
dogenous hormones, leading to cancer progression
and therapeutic resistance [9, 10]. The premise of se-
questering the AR at sites of DNA adducts was that
repair of the genetic damage that is camouflaged in the
receptor-adduct complex would be impeded, as would
the function (or functions) of the AR responsible for tu-
mor growth.

We report the synthesis and activities of a bifunc-
tional compound composed of N,N-bis-(2-chloroethyl)-
aniline linked to an 11p-substituted estraA*®)-°(10-3.
one. This new compound, 11f3-dichloro (Figure 1B), is
capable of producing DNA adducts that interact with
the AR. To investigate the mechanism of action of this
compound, we prepared an unreactive analog that
could not form DNA adducts (11p-dimethoxy) (Figure
1B). Investigation of the biological responses of LNCaP
cells to our 113 compounds revealed biochemical changes
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Figure 1. Scheme lllustrating the Mechanism
of Selective Toxicity by Compounds that
Form DNA Adducts that Attract Proteins in
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(A) 11B-dichloro was designed to have the
ability to covalently modify DNA and still re-
tain the ability to bind the protein with which
the protein recognition domain was de-
signed to interact. In noncancer cells, which
don’t express the protein of interest at high
levels, adducts are repaired by DNA repair
enzymes. In cancer cells, in which the pro-
tein of interest is overexpressed, binding of
the protein to adducts blocks adduct repair
and prevents the protein of interest from car-
rying out its normal function in the cell.

(B) Structure of 1138 compounds. 113-dichl-
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that are of interest with regard to the antitumor effects
we observed in animal models.

Results

Synthesis of Bifunctional 113-Substituted
Estradien-3-One Compounds

The design of the androgen ligand portion of the 113
compounds is based on the reported antiandrogenic
activity of molecules containing 113-substituted 17j3-
hydroxy-estra-A*®5)»°(11)-3-one [11]. The general synthetic
strategy for linking the 11B3-substituted estradien-3-one
to N,N-bis-(2-chloroethylaminophenyl)-propylamine is
shown in Figure 2. Epoxide 1 was prepared by epoxida-
tion of the known compound 3,3-ethylenedioxy-17f3-
hydroxyestra-5(10),9(11)-diene by a published pro-
cedure [12]. The alkyl chain was then introduced at the
11 position by conjugate opening of the allylic epoxide
(1) by the Grignard reagent prepared from the alkyl bro-
mide in the presence of copper(l) [13]. Steroid alcohol
(2) was converted to the bromide and allowed to react
with a protected ethanolamine to give the alcohol (3),
which was converted to a carbonate intermediate with
p-nitrophenyl chloroformate. The carbonate was then

oro forms DNA adducts with affinity for the

AR and PR. 11B-dimethoxy does not form

OH DNA adducts but does have affinity for the
AR and PR.

AR or PR
Ligand

coupled to N,N-bis-(2-chloroethylaminophenyl)-propyl-
amine, and the final product, 113-dichloro (4), was ob-
tained by removal of protecting groups under acidic con-
ditions. Details of some of these procedures have been
published [5] and are contained in Supplemental Data.
An unreactive analog of 11f-dichloro, in which the two
chlorine atoms of the 2-chloroethyl groups were substi-
tuted by methoxy groups (11(3-dimethoxy) (Figure 1B),
was prepared by reflux of 4-(N,N-bis-2-chloroethylami-
nophenyl)-propylamine with NaOCH; producing 4-(N,N-
bis-2-methoxyethylaminophenyl)-propylamine, which was
then substituted for its chloro analog in the synthesis
as described for 11B3-dichloro.

113-Dichloro Forms DNA Adducts that Interact

with the Androgen Receptor and

the Progesterone Receptor

Key to the biological activities of our bifunctional mole-
cules is their ability to covalently modify DNA, forming
adducts that bind to the androgen receptor (AR). A ra-
diolabeled, self-complementary deoxyoligonucleotide,
5'[32P]-d(ATTATTGGCCAATAAT)-3', was incubated either
with the 11B-dichloro compound or with the unreactive
11B-dimethoxy analog in order to determine the ability

O Phph Figure 2. Synthetic Scheme for Synthesis of

OMBDMS P the 11B-dichloro Compound
PBPMS HO-(CHyg HO=(CH, )z N~ (CHy)s BDMS (a) tBDMSO(CH,)sMgBr, CuBreMe,S, THF,
" ab —-20°C; (b) tBuNH4F, THF, room temperature
o @‘ — cde (r): (0) CHsSO,Cl, DIEA, THF, 0°C; (d) LiBr,
(__ 5 (1) <—o o (2) <_ DMF, 45°C; (¢) Ph,P(O)NH(CH,),0tBDMS,
(CHy),Cl O OH (3) Bu,NBr, NaH, benzene, 65°C; (f) tBuNH,F, THF,
| ||'| o ||'| H . rt; (9) p-nitrophenylchloroformate, DIEA, TFH,
(CH2)3—NJLO'(CH2)2—N—(CH2)6 f’g=h’| rt; (h) 4-(N,N-bis-2-chloroethylaminophenyl)-

(CH,),ClI (4)

proplyamine, DIEA, THF, 75°C; (i) HCI, THF, rt.
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Table 1. Relative Binding Affinities of 113-Compounds and 113-DNA Adducts for the Androgen Receptor and Progesterone Receptor

Receptor 11B-Dichloro 11B-Dimethoxy 11B-Modified DNA
AR 11.3% (9.7-13.2) 18.1% (15.5-21.1) 0.22% (0.12-0.43)
PR 4.2% (3.5-4.8) 3.6% (3.1-4.3) 0.04% (0.02-0.08)

RBA: relative binding affinity of test compound compared with R1881 (RBA = 100%) for AR or progesterone (RBA = 100%) for PR as
determined by competitive binding assay with [*H]-R1881 (AR) or [*H]-progesterone (PR); values in parentheses represent the 95% confidence

interval for calculated RBAs.

of the compounds to covalently modify DNA. The loca-
tion of modified bases as well as the extent of modifica-
tion were determined by piperidine cleavage followed
by gel electrophoresis [5]. As expected, the 113-dichloro
formed covalent products that resulted in fragmenta-
tion of the deoxyoligonucleotide at either guanine resi-
due upon incubation with piperidine (data not shown).
Approximately 75% of the oligonucleotide treated for 4
hr with 125 uM 11p-dichloro was found to be piperidine
labile. Under the same conditions, the 113-dimethoxy
did not produce any piperidine-labile sites.

The relative affinities of the 11 compounds for the
AR and the progesterone receptor (PR) were deter-
mined by competitive binding assays. The results of
these assays are shown in Table 1. The 11B-dichloro
compound was found to have a relative binding affinity
(RBA) of approximately 11% for the AR in whole-cell
LNCaP extracts when compared with the synthetic an-
drogen [*H]-R1881. Because the affinity of R1881 for
the LNCaP AR is about twice that of a natural ligand,
dihydrotestosterone (DHT) [14], the RBA of 11% implies
that the affinity of 11B-dichloro is approximately 20%
that of a natural ligand. Comparing 113-dichloro with
[®H]-progesterone, we found that 11B-dichloro had a
much lower affinity for the PR, with an RBA of 4%. Sub-
stitution of chlorine atoms by methoxy groups in the
113-dimethoxy analog did not influence receptor bind-
ing. The RBAs of the 113-dimethoxy compound for the
AR and PR were similar to those of 11B-dichloro (Ta-
ble 1).

We also estimated the RBA for the AR of 113-DNA
adducts formed by incubation of the self-complemen-
tary deoxyoligonucleotide 5'-d(ATTATTGGCCAATAAT)-
3’ with the 11B-dichloro compound. Addition of 11j-
modified DNAs—but not unmodified DNAs —resulted in
decreased amounts of [*H]-R1881 bound to the AR in
cell-free extracts from LNCaP cells. Based on the molar
concentration of DNA adducts added, we estimate an
RBA of 0.2% for the covalently linked ligand when com-
pared to R1881 (Table 1).

113 Compounds Induce Growth Arrest

and Apoptosis in LNCaP Cells

The biological effects of the 11B-dichloro and 118-
dimethoxy compounds were examined in AR-positive
LNCaP prostate cancer cells in culture. LNCaP cells ex-
posed to 11fB-dichloro at concentrations >5 pM un-
derwent rapid morphological changes associated with
apoptosis. Figure 3 shows the physical appearance of
LNCaP cells left untreated (Figure 3A), after a 6 hr expo-
sure to 20 M chlorambucil (Figure 3B), after 6 hr treat-
ment with 10 wM 113-dichloro (Figure 3C), and after 6
hr treatment with 10 .M 113-dimethoxy (Figure 3D). We

selected chlorambucil for comparison because it con-
tains the identical N,N-bis-(2-chloroethyl)-aniline moi-
ety as does 11B-dichloro and would therefore be ex-
pected to modify covalently the same atoms in DNA
[15]. Despite their chemical similarities, treatment with
11B-dichloro resulted in striking cytoplasmic con-
traction and detachment from the culture dish within 6
hr, whereas treatment with chlorambucil did not. Treat-
ment of LNCaP cells with 113-dimethoxy produced a
transient and less-dramatic change in cell morphology.
The cells remained attached to the surface of the cul-
ture dish and recovered to their pretreatment morphol-
ogy by 24 hr.

To determine whether an apoptotic program was ac-
tivated by 11B-dichloro, we examined the status of sev-
eral apoptotic markers in the treated cells. Annexin V
staining was used as an early marker of changes in
membrane phospholipids that are associated with cells
undergoing apoptosis [16]. LNCaP cells treated for vari-
ous lengths of time with 11 compounds or chlorambu-
cil were stai